Abstract A synthetic, near-infrared, fluorescent probe, named PSS-794 was assessed for its ability to detect cell death in two animal models. The molecular probe contains a zinc(II)-dipicolylamine (Zn 2? -DPA) affinity ligand that selectively targets exposed phosphatidylserine on the surface of dead and dying cells. The first animal model used rats that were treated with dexamethasone to induce thymic atrophy. Ex vivo fluorescence imaging and histological analysis of excised organs showed thymus uptake of PSS-794 was four times higher than a control fluorophore that lacked the Zn 2? -DPA affinity ligand. In addition, the presence of PSS-794 produced a delayed and higher build up of dead and dying cells in the rat thymus. The second animal model employed focal beam radiation to induce cell death in tumor-bearing rats. Whole-body and ex vivo imaging showed that the amount of PSS-794 in a radiationtreated tumor was almost twice that in a non-treated tumor. The results indicate that PSS-794 may be useful for preclinical optical detection of tumor cell death due to therapy.
Introduction
The plasma membrane of healthy mammalian cells has an asymmetric distribution of polar lipids. The membrane outer leaflet is comprised primarily of the zwitterionic phospholipids, phosphatidylcholine and sphingomyelin, and thus the exterior membrane surface is close to charge-neutral. The major anionic phospholipid in the plasma membrane is phosphatidylserine (PS) (2-10% of total phospholipid) and it is sequestered almost completely within the membrane inner leaflet by energy consuming ATPase transport processes [1] . Loss of this asymmetric distribution during cell death, cell activation or cell transformation, leads to PS exposure and the cell surface becoming anionic [2, 3] . The last decade has seen mounting evidence that molecular targeting of cells with exposed PS is a broadly effective strategy for diagnosis and treatment of many human diseases [4] [5] [6] [7] . Molecules and particles that selectively target anionic cell membrane surfaces with exposed PS and distinguish them from the nearneutral membrane surfaces of normal human cells are currently under extensive investigation as imaging probes, drug delivery agents, and targeted molecular therapeutics [8] [9] [10] [11] [12] [13] [14] [15] .
Most work with PS targeting agents is focused on imaging cell death. The appearance of PS on the cell surface is a universal indicator of most, if not all, types of cell death [16] [17] [18] [19] [20] . Medical fields that have recently conducted preclinical or clinical trials of cell death imaging using molecular probes for exposed PS, include oncology, cardiology, vascular medicine, orthopedics, organ transplantation, gastroenterology, neurology, ophthalmology, autoimmune diseases, and metabolic diseases [21] . The imaging probe in most of these studies is a labeled form of Annexin V, a 36 kDa, single-stranded protein that binds in a Ca 2? -dependent manner to membranes that expose anionic phospholipids, including PS [22] . Fluorescently labeled versions of Annexin V are commonly used in cell biology research for detecting apoptotic cells. Most of the effort to develop Annexin V probes for in vivo imaging has employed radioactive derivatives for PET and SPECT modalities [23] [24] [25] . While many reports show promising results, clear demonstrations of robust in vivo utility remain elusive, and this may be due to potential performance limitations with Annexin V such as extended residence time in the kidneys, biodegradation of the protein, and variable degrees of targeting within a single cohort [26, 27] . Imaging cell death has the additional complication that it is a time dependent process; a high contrast image must be achieved within a specific window in time that in turn depends on the specifics of the cell death phenomenon under study. Therefore, a single cell death probe will not likely be applicable for all types of imaging applications. A more realistic scenario is a palette of related cell death imaging probes with a range of blood clearance rates and different biodistribution patterns.
With a goal of finding imaging probes that are alternatives to Annexin V, investigators have examined other PSbinding proteins such as Annexin VI, Lactadhedrin and Synaptotagmin-I [28] [29] [30] . A refinement of this approach is to create a probe from the PS-binding region of the protein.
For example, a fluorescently labeled version of the C2A domain from Synaptotagmin-I (molecular weight 14 kDa) has been shown to detect similar amounts of cell death as an analogous Annexin V derivative [31] . Compared to proteins, it is much easier to systematically fine-tune the pharmacokinetic properties of small molecules, and recently, several independent research groups have employed phage panning technology to identify small peptides (hexamers to decamers) that bind exposed PS with nanomolar dissociation constants [8, [32] [33] [34] [35] . Our research group has pioneered an alternative approach using synthetic zinc(II)-dipicolylamine (Zn 2? -DPA) coordination complexes, which can selectively recognize anionic membranes over the near-neutral charge membranes of healthy cells [36] . The membrane association process utilizes a three-component assembly process where Zn 2? ions mediate cooperative association of the DPA molecule to the anionic head groups of the membrane-bound PS [37, 38] . Functionally, this is similar to the way that Ca 2? ions promote membrane association of Annexin V [39] [40] [41] . Initial work with fluorescently labeled Zn 2? -DPA probes focused on in vitro studies using cell culture, but more recently we have developed a version called PSS-794 (Fig. 1) , which has an appended near-infrared fluorophore that is suitable for in vivo whole-body imaging of small animals [42, 43] . Using this probe we have successfully imaged the dead and dying tissue within rodent models of xenograft tumors and acute muscle damage [44, 45] . Here, we assess the targeting properties of PSS-794 in two additional rodent models of in vivo cell death. We describe studies that employ a well-established thymic atrophy model and we also provide evidence that PSS-794 can detect an increase in tumor cell death due to successful treatment by focal beam radiation.
Materials and methods

Probe synthesis
The synthesis of fluorescent probes, PSS-794 and 794-Control, have been reported previously [42] .
Rat model of dexamethasone-induced thymocyte cell death All animal procedures were approved by the University of Notre Dame Institutional Animal Care and Use Committee. Six cohorts of 8-week old male Lobund-Wistar rats (Freimann Life Science Center, 250 g) (n = 4) were given intraperitoneal injections (50 mg/kg) of water soluble dexamethasone (Sigma-Aldrich, St. Louis, MO) dissolved in 400 ll of distilled H 2 O. The time from dexamethasone dosing to sacrifice of the cohort (and its related control cohort) was either 30, 42, or 48 h, with injection of To evaluate the ability of PSS-794 to detect different levels of thymocyte cell death, three cohorts of rats (n = 4) were treated with 10, 25, or 50 mg/kg of dexamethasone. 18 h later, the rats were injected intravenously with PSS-794 (3.0 mg/kg) and sacrificed after another 24 h. Two cohorts of rats (n = 4) were used to measure the effect of PSS-794 on the basal level of thymocyte cell death. The rats were not treated with dexamethasone but one cohort was injected intravenously with PSS-794 (3.0 mg/kg). 24 h later both cohorts were sacrificed and the excised thymus from each animal was evaluated by a caspase-3 histology assay. All animals were euthanized by either CO 2 asphyxiation or cervical dislocation under anesthesia.
Detecting increased tumor cell death due to radiation treatment
The right and left rear flanks of eight-week old male Lobund Wistar rats (Freimann Life Science Center, 250 g, n = 5) were injected subcutaneously with 1 9 10 6 rat Prostate Adenocarcinoma III (PAIII) cells, suspended in 300 ll of Dulbecco's Modified Eagle Medium. 6 days later the tumor-bearing rats were anesthetized with an intraperitoneal injection of a ketamine/xylazine (75/10 mg/kg) cocktail (our previous study of this rat tumor model, only allowed tumor growth for 14 days [44] ). The rats were then placed on their left side, and the right flank tumor irradiated with a 3.0 cm diameter beam (20 Gy dose of 9 MeV electrons) produced by a clinical Varian 21 EX accelerator (Varian Medical Systems Inc., Palo Alto, CA). Fur from the animal's lower region was shaved, and the rats were injected intravenously via the tail vein with PSS-794 (3.0 mg/kg) or 794-Control (3.0 mg/kg) at 17 h post-radiation treatment. 24 h later the live rats were anesthetized (1.5% isoflurane inhalation) and subjected to whole-body, epifluorescence imaging. Immediately after live animal imaging, each rat was euthanized and imaged again with the skin removed from the lower region to improve signal intensity at the tumors.
Ex vivo fluorescence imaging
After sacrifice and imaging, selected rat tissues were excised, placed on a transparent imaging tray, and imaged using a Kodak In Vivo Multispectral Imaging System FX equipped with a 750 ± 10 nm excitation filter and 830 ± 20 nm emission filter (30 s time acquisition, bin = 2 9 2, f-stop = 2.51, field of view = 190 mm).
Image analysis
Images were analyzed using Image J 1.43 m. The 16-bit images were imported, opened in sequential order, and converted to an image stack. Background subtraction was applied to the images using the rolling ball algorithm (radius = 1000 pixels). The stack was then converted to a montage and pseudocolored as ''Thai'' (under the ''Lookup Tables'' menu). Region of interest (ROI) analysis was performed on each ex vivo image by manually drawing an ROI to outline each tissue. The mean pixel intensities for each tissue were measured and recorded. The resulting ROI values were plotted using Graphpad Prism 4.
Histology
For each animal, the thymus was excised, flash frozen in OCT compound and sliced at 10 lm thickness. The sections were incubated overnight with a rabbit anti-human polyclonal caspase-3 antibody (Abcam Inc.; 1:50). The sections were incubated with goat anti-rabbit IgG conjugated to Alexa-Fluor 488 (Invitrogen; 1:500) for 15 min, and then counterstained with DAPI. Fluorescence images of the sections were acquired using a Nikon TE-2000 U epifluorescence microscope equipped with the appropriate UV (ex. 340/80 nm, em. 435/85 nm), GFP (ex. 450/90 nm, em. 500/50 nm), and Cy7 filters (ex. 710/75 nm, em. 810/90 nm). Images were captured using Metamorph software (Universal) and analyzed using ImageJ 1.43 m. The caspase-3 levels in Figs. 4 and 5 were determined by averaging the integrated fluorescence in the GFP channel for eight fields of view chosen at random.
Statistical analysis
Results are depicted as mean ± standard error of the mean (SEM). Statistical analysis was performed using a Student's t-test.
Results
Detection of rat thymocyte cell death using PSS-794
Separate cohorts of rats (n = 4) were treated with intraperitoneal injections of dexamethasone (50 mg/kg) to induce thymocyte cell death. The time from dexamethasone treatment to sacrifice for each cohort (and its control cohort) was either 30, 42, or 48 h, with injection of fluorescent probe (3.0 mg/kg of PSS-794 or 794-Control) at 24 h before sacrifice. These conditions of moderately high probe dose (3.0 mg/kg) and relatively long waiting period after probe injection (24 h) were chosen to ensure maximum uptake at the sites of cell death and complete wash out of any transient, non-targeted, tissue retention effect. The excised internal organs and tissues were imaged using a planar, whole-body epifluorescence scanner with a near-infrared filter set (ex. 750 ± 10 nm, em. 830 ± 20 nm). ROI analysis produced a pixel intensity map of each excised thymus and allowed calculation of mean pixel intensity (MPI). The chromophores in PSS-794 and 794-Control have essentially the same near-infrared absorption/emission wavelengths, so the relative amount of probe in each thymus could be determined by direct comparison of the MPIs. As seen in Fig. 2a , uptake of PSS-794 in the dexamethasone-treated thymi was significantly higher than 794-Control at all time points, and the highest amount of PSS-794 accumulation occurred at 42 h after dexamethasone treatment. Uptake of PSS-794 was also higher than 794-Control in the thymi taken from control rats that were not treated with dexamethasone, which is attributed to PSS-794 targeting the basal cell death in the organ. The data in Fig. 2b shows that PSS-794 accumulation in the thymi increased with size of dexamethasone dosage, showing that probe uptake reflects the degree of thymic atrophy.
Independent confirmation that PSS-794 targets the dead and dying cells within the thymus, was gained from fluorescent histological analyses of excised thymus tissue. Each thymus was flash frozen in the tissue embedding material OCT, sliced into 10 lm thick sections and stained with an anti-caspase-3 antibody and DAPI. Thymus sections from rats that were treated with dexamethasone showed a much stronger caspase-3 signal than sections from non-treated rats, indicating increased amounts of cell death (Fig. 3) . Near-infrared fluorescence microscopy of the same tissues showed that PSS-794 stained only the regions of tissue that were high in caspase-3 expression (Fig. 3a) . In comparison, there was very little uptake of 794-Control in essentially identical thymus tissue sections with high apoptotic index (Fig. 3b) .
The PSS-794 targeting data in Fig. 2a suggests that the number of dead and dying thymocytes reached a maximum at 42 h after dexamethasone treatment. This conclusion is consistent with the histology data in Fig. 4b showing that the expression of caspase-3 in thymi from rats treated with both dexamethasone and PSS-794 also peaked at the same time point. The caspase-3 histology data in Fig. 4a corresponds to an experiment that treated a cohort of rats with dexamethasone but did not dose with PSS-794. In this case, the number of dead and dying thymocytes reached a maximum at 12 h after dexamethasone treatment, an earlier time point that agrees with previous studies of this thymocyte cell death model [46] . Figure 5 shows a comparison of caspase-3 histology data for two cohorts of rats that were not treated with dexamethasone but one cohort was dosed with PSS-794. The amount of caspase-3 was 50% higher in the thymus tissues from the rats dosed with PSS-794. The data in Figs. 4 and 5 indicate that the presence of PSS-794 induces a delayed and higher build up of dead and dying cells in the rat thymus. Increased accumulation of PSS-794 in tumors after radiation treatment PAIII prostate adenocarcinoma cells, taken from the same parent culture, were injected subcutaneously into both rear flanks of a cohort of syngeneic Lobund-Wistar rats [44] . After 6 days, the implanted cells had developed into two palpable tumors of similar size. With each animal, the right side tumor was treated with 20 Gy of focal beam radiation while the other tumor served as the non-treated control. 17 h after radiation, each rat was injected intravenously with either PSS-794 or 794-Control and 24 h later it was anesthetized and imaged using a planar, whole-body epifluorescence scanner. Immediately after live animal imaging, each rat was euthanized and imaged again with the skin removed from the lower region. The live animal images showed qualitatively that there was enhanced PSS-794 uptake in the radiation-treated tumor (Fig. 6a) . However, quantitative interpretation of these images was difficult because, (a) the tumor signals were attenuated and diffuse due to absorption and scattering of the light by surrounding skin and tissue, an effect that varies substantially with tumor tissue depth, and (b) PSS-794 also accumulated in the dead skin cells overlaying the treated tumor. These obfuscating factors were eliminated by imaging the rats post-mortem with the skin peeled away from the tumors. As shown by the images in Fig. 6b , there was significantly higher uptake of PSS-794 in the radiationtreated tumor relative to the non-treated tumor. In contrast, an identical study using 794-Control showed only accumulation in the kidneys and no uptake in either tumor (Fig. 6d) . To evaluate the biodistribution of PSS-794, the internal organs and tissues were removed and imaged using the same near-infrared filter set. The ex vivo fluorescence imaging data in Fig. 7a confirms the high selectivity of PSS-794 for the radiation-treated tumor compared to the non-treated tumor. MPIs were quantified by taking ROI pixel intensity measurements for each tissue, and shown in Fig. 7b is a bar graph comparing PSS-794 fluorescence MPI in each tissue relative to the heart, which serves as an anatomical control. The amount of PSS-794 in the radiation-treated tumor was almost twice that in the non-treated . PSS-794 also accumulated in the liver, kidneys, and lungs, as seen in tumor bearing rats that were not treated with radiation. Probe signal in the liver and kidneys is not surprising since they are the clearance organs, but we presently do not have an explanation for the moderate levels of PSS-794 in the lungs. The relatively high accumulation in the skin is attributed to the localized cell death since the skin sample was taken from the area receiving focal radiation.
Discussion
This study examined two in vivo models of cell death that operate by distinctly different mechanisms and in different anatomical locations, thus testing the generality of the fluorescent molecular probe, PSS-794, to identify cell death in a living animal. Targeting performance was assessed by direct comparison to the untargeted fluorophore, 794-Control, that lacks a Zn 2? -DPA affinity unit. The first animal model treated Lobund-Wistar rats with the glucocorticosteroid dexamethasone, which induces extensive thymocyte cell death. This is a classic experimental model that is technically straightforward to conduct and has high animal throughput [47] [48] [49] [50] . Furthermore, the kinetics for thymocyte apoptosis are well characterized and the model has been used to validate other cell death imaging probes including Annexin V [46, 51] . Ex vivo imaging and histology confirmed specific targeting of PSS-794 to the dead and dying cells in the thymus tissues (Fig. 2, 3) . In contrast, negligible accumulation of the control fluorophore, 794-Control, was seen in the thymi of dexamethasone-treated rats. Increasing the dexamethasone dosage produced concomitantly higher PSS-794 accumulation in the thymus (Fig. 2b) , providing further evidence that PSS-794 is targeting cell death. While the histology data show that PSS-794 stains regions of tissue sections that are high in caspase-3, the colocalization is not perfect. This is expected since the timing of caspase-3 expression during apoptosis does not coincide exactly with appearance of the PS that is targeted by PSS-794 [52, 53] .
The caspase-3 histology data in Fig. 4 indicates that the number of dead and dying thymocytes in the rats treated with dexamethasone rose with time to a peak value and then declined back to the basal level. The time point for maximum caspase-3 level is determined by two competing pathways; the rate of cell death induced by the shows that the presence of PSS-794 extends the time point for peak amount of caspase-3 from about 12 h after dexamethasone treatment (a time point that is similar to other kinetic studies in the literature [46] ) to about 42 h. Furthermore, the basal level of dead and dying thymocytes in rats that were not treated with dexamethasone increased by about 50% when the rats were dosed with PSS-794 (Fig. 5) . Thus, the presence of PSS-794 is either inducing an increase in the amount of thymocyte cell death or decreasing the rate of dead cell clearance. Our previous studies of Zn 2? -DPA probes have produced no evidence for cell toxicity, so it seems more likely that PSS-794 is inhibiting cell clearance. It is well-known that the appearance of PS on the cell surface is a biomarker that triggers recognition and subsequent cell clearance by phagocytes [54] . Furthermore, it is reported that the presence of PS-binding Annexin V can inhibit phagocytosis in vivo [15] . Therefore, PSS-794 may be acting like Annexin V and inhibiting dead cell clearance from the thymus by binding to PS and preventing recognition by phagocytes [55, 56] . Future studies will attempt to confirm this explanation and address its implications. In terms of diagnostic imaging it may mean that, in certain circumstances, lower probe doses have to be employed to avoid triggering a physiological effect. However, from a therapeutic perspective, PS-binding molecules that can modulate the immune response to dead and dying cells may have value as potential anticancer agents [56] .
A second, more clinically relevant animal model to evaluate the performance of PSS-794 used focal beam radiation to induce anti-tumor cell death. A rat model was generated having two subcutaneously implanted, syngeneic prostate tumors on each flank-one tumor was treated with beam radiation while the other tumor served as a nontreated control. The main advantage gained by having the experimental and control tumors on the same animal is a reduction in animal-to-animal variability. The whole-body epifluorescence images in Fig. 6 and the ex vivo organ distribution data in Fig. 7 show that PSS-794 accumulation in the radiation-treated tumor was almost double that in the non-treated tumor. Histological analyses have shown that PSS-794 targets the dead and dying tumor cells, and probe The right flank tumor (arrow) received focal beam radiation therapy, and the left flank tumor (arrow head) was not treated. At 17 h after radiation, each rat was injected intravenously with probe (3.0 mg/kg), and 24 h later the in vivo image was acquired. The rats were then sacrificed, the lower body skin removed, and the ex vivo image was acquired. The 794-Control does not target the tumors but accumulates in the kidneys. n = 5 uptake in the control tumor is due to the moderately high level of necrotic tissue in this rapidly growing subcutaneous tumor model [44] .
Monitoring PS externalization appears to be an objective way of assessing the level of therapy-induced tumor cell death [57] [58] [59] [60] ; thus, a reliable and robust molecular probe for exposed PS is likely to expedite anticancer research and improve the clinical decision-making process [61] . Our results indicate that Zn 2? -DPA probes have great promise as targeting agents for detecting increased tumor cell death due to successful therapy. However, this study also demonstrates some practical limitations with planar epifluorescence imaging using PSS-794. Although the probe has an appended near-infrared fluorophore for maximum penetration of light through skin and tissue, it is important to realize that the penetration depth in rats is only a few millimeters and the signal intensity is highly surface weighted [62] . Thus, in vivo epifluorescence imaging using living rats is restricted to superficial tumor sites with the realistic expectation of semi-quantitative information. While it is possible to envision useful clinical applications of PSS-794 as a fluorescent probe for cell death, especially in the emerging field of fluorescence guided surgery [63] , broader practical impact will be gained using imaging probes with deeper tissue penetration. For example, it should be possible to develop radiolabeled Zn 2? -DPA probes with sufficiently favorable pharmacokinetic profiles and high PS-affinities for microdosing and nuclear imaging.
In summary, the results of this study add to the growing evidence that the synthetic fluorescent molecular probe, PSS-794, is able to target dead and dying cells in various animal models of cell death [44, 45] . The importance of the Zn 2? -DPA unit as a targeting group for exposed PS on the surface of the dead and dying cells is highlighted by the lack of measurable uptake with the control dye, 794-Control. PSS-794 may become a useful optical probe for preclinical research efforts that aim to discover and assess new methods of anticancer treatment. It may even be possible to develop clinically useful early detection and intra-operative methods to assess cell death using surface or endoscopic optical imaging technologies. . A region of interest was drawn around each tissue and the mean pixel intensity (MPI) was recorded. The MPI from the tissues were normalized to the MPI from the heart tissue. MPI ± SEM. n = 5. * P \ 0.01, ** P \ 0.0001
